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and for the development of new therapeutics (9, 14, 16 
94
Extended proliferative potential of primary human bronchial epithelial (HBE) cells 95 was described by transduction of basal cells with the mouse polycomb complex 96
protein Bmi-1 and human telomerase reverse transcriptase (hTERT) (6). Unlike cells 97 transformed with viral oncogenes, Bmi-1+hTERT cell lines had no chromosomal 98 abnormalities and produced a pseudostratified epithelium on ALI but gave only 99 sparse ciliogenesis. This limited differentiation capacity may be explained by reports 100 that hTERT, following long-term growth in culture, up-regulates expression of the 101 potent mitogen c-Myc, so promoting entry into the cell cycle (21) thereby impeding 102
ciliogenesis. 103
We hypothesised that BMI-1 transduction alone may overcome these issues 104 observed with Bmi-1+hTERT, to produce basal cells with the potential for extended 105 proliferation that retain their differentiation capacity on ALI. In this study, BMI-1 106 transduced primary basal epithelial cells from CF and healthy donors were 107 investigated for their morphology, growth characteristics and karyotype. We also 108 assessed the cells mucociliary differentiation potential at ALI along with their Na + and 109
Cl
-transport properties in Ussing chamber studies. We then demonstrate their use 110 for the production of novel engineered disease models by shRNA knockdown of 111 DNAH5, a gene associated with PCD, a ciliopathy with significant lung pathology 112 resulting from abnormal mucociliary clearance. BMI-1 transduction offers a facile 113 method to greatly extend the utility of basal epithelial cells for translational and basic 114 research. 115
116
MATERIALS & METHODS 117
Materials 118
Primary antibodies used in this study can be found in 
Where cell count values were mean cell count of 3 independent wells. 151
Western Blotting 152
Cells were lysed with Cell Extraction Buffer (Life Technologies), boiled in the 153 presence of NuPage LDS Sample Buffer (Life Technologies) and loaded onto 154
NuPage Novex 4-12% Bis-Tris gels (Life Technologies). Electrophoresis and protein 155
transfer onto Immobilon-P polyvinylidene fluoride membranes were performed using 156 standard protocols. Antibodies against BMI-1, p16Ink4a and GAPDH and 157 appropriate HRP-conjugated secondary antibodies were used for probing with bands 158 visualised using Pierce ECL Western Blotting Substrate (Life Technologies, Paisley, 159 UK) and a UVIchemi chemiluminescence imaging system (UVItec). 160
Air-liquid Interface (ALI) Culture 161
Cells grown to ~80% confluence in T75 flasks were trypsinised, seeded at a density 162 of 900,000 cells/cm 2 on Transwell inserts (Corning) and grown at an ALI as 163 previously described(8). Cell were maintained at an ALI for 4 weeks before analyses 164 were performed. 165
Quantitative Reverse Transcription PCR (qRT-PCR) 166
Unless indicated, all reagents for qRT-PCR were obtained from ThermoFisher. Total 167 RNA was harvested from cells using RNeasy Mini Kit (Qiagen) and potential DNA 168 impurities digested using DNase I enzyme (TURBO DNA-free kit). Purified RNA was 169 calculated using the delta-delta Ct (2-ΔΔCt) method (19) . 180
Immunofluorescence Staining and Confocal Microscopy 181
Cells were fixed with 4% PFA for 10 minutes at room temperature, washed with PBS 182 and permeabilised with PBS-Triton (PBS 0.1% (v/v) Triton-X100) for 10 minutes at 183 room temperature before blocking, immunostaining and mounting on microscope 184 slides as previously described(26). Images were obtained using an Inverted Zeiss 185 LSM 710 Confocal microscope with the appropriate excitation lasers selected for the 186 dyes used. 187
Fluorescence Microscopy 188
Bright-field and fluorescence images were captured with a Nikon Digital Sight DS-189
QiMC video camera attached to a Nikon Eclipse Ti-U inverted microscope. Videos 190 and images were processed using NIS Elements AR software (Nikon, v4.00.12). culture and cilia beat-frequency assessed using CiliaFA software (25) . 210
Electrophysiology Studies 211
Cells were grown at ALI for 4 weeks on Snapwell membranes (Corning) to enable 212 mucociliary differentiation. Snapwells were then mounted on Ussing chambers and 213 short circuit current (Isc) was measured as previously described (32). Briefly, 214 monolayers were mounted in Ussing chambers in physiological salt solution 215 consisting of 117mM NaCl, 25mM NaHCO3, 4.7mM KCl, 1. (Figure 3a) . Levels of BMI-1 in untransduced NHBE cells declined with an 241 increase in passaging whilst levels of p16Ink4A increased and were higher in 242 senesced, untransduced NHBE cells at passage 6 while BMI-1 expression was not 243 evident by Western blot (Figure 3a) . and this elevation was inhibited by the CFTR inhibitor Gly-H101 (10μM) (Figure 5 a,  292 b). Thus, ENaC and CFTR-mediated ion transport was retained in NHBE-BMI-1 293 cells. Primary CFBE cells and passage 17 CFBE BMI-1 cells cultured at ALI also 294 exhibited amiloride-inhibitable I sc but no response to either forskolin or GlyH-101 was 295 observed, as expected due to the lack of CFTR in these cells (Figure 5 c, d) . Thus, 296 CFBE-BMI-1 cells, like NHBE-BMI-1, also maintain the Na+ and Cl-ion transport 297 characteristics of non-transduced primary CF cells. 298
Use of BMI-1 transduced cells to generate PCD cell models 299
We next explored the potential use of the BMI-1 transduced NHBE cells to 300
generate an in vitro model of PCD. The outer dynein arm protein DNAH5 is the most 301 commonly mutated gene but even so this is a rare disease and cells are often not 302 readily available. Cells with DNAH5 mutations lack the DNAH5 protein in the ciliary 303 axoneme and have missing outer dynein arms (ODAs) (13). NHBE cells transduced 304 with BMI-1 were additionally transduced with a DNAH5 shRNA lentiviral construct 305 that also expresses green fluorescent protein (GFP). the ALI culture protocol outlined in the current study one can routinely obtain from 6-363 8 functional epithelial transwells in a 24-well ALI culture format per passage enabling 364 the generation of a minimum of ~90-100 transwells from a single donor. This is 365 significantly higher than the 10-15 epithelial transwells that can be generated with 366 with the DNAH5 targeted shRNA so mimicking the phenotype seen in patient 387 cells(13). shRNA-mediated knockdown has been previously used to model PCD in 388 otherwise healthy primary HBE cells (10, 11, 17) but these cells were not long lived 389 so could not be used for further study to assess, for example, protein interactions or 390 novel treatments. Gene addition, shRNA knockdown, or genome editing of BMI-1 391 transduced HBE cells could therefore provide a more useful tool for the study of a 392 number of airway diseases. 393
Recently the use of pharmacological Rho-kinase inhibition along with co-culture of 394 HBE cells with irradiated feeder-layer fibroblasts has been described to allow 395 indefinite passage of HBE cells whilst retaining the cells differentiation capacity when 396 placed at ALI (18, 27) . However, studies where the mucociliary differentiation 397 potential of CRCs have been assessed have not reported successful mucociliary 398 differentiation beyond passage 11 (2, 22, 27) . Furthermore, CRC morphology and 399 doubling times differ significantly to their parent cells with CRC cells being smaller 400 and growing in colonies as well as showing faster proliferation rates (18, 27) . Extensively passaged BMI-1 transduced cells (passage 15) were differentiated on 563 ALI and cilia beat frequency of (a) NHBE and (b) CFBE cells was determined using 564 ciliaFA plugin(25) for ImageJ. Data are mean ± S.E.M; n= 4 independent ALI 565 cultures, 5 fields videoed per culture. Immunostaining of NHBE-BMI-1 cells was used 566 to show tight junction formation (occludin; c), mucin production (MUC5AC and 567 MUC5B; d and e respectively), the presence of basal cells (p63+; f), widespread 568 BMI-1 expression (BMI-1; g), and extensive ciliation (acetylated α-tubulin; h). TEM 569 was used to determine cilia ultrastructure (i). Images are representative of 4 570 independent ALI cultures per marker. Scale bars for c-h are 50µm and 100nm for i. 571 Representative Ussing chamber traces and changes in short-circuit current (I sc ) in 573 response to administration of amiloride (apical), forskolin (apical and basolateral) and 574
GlyH-101 (apical) in primary and BMI-1 transduced (a and b) NHBE and (c and d) 575 CFBE cells are shown. Data are mean ± S.E.M; n= at least 3 independent ALI 576 cultures (see Table 4 for exact values). 577 
